In light of the recent 750 GeV diphoton excesses reported by the ATLAS and CMS collaborations, we investigate the possibility of explaining this excess using the Minimal Dilaton Model. We find that this model is able to explain the observed excess with the presence of additional top partner(s), with same charge as the top quark, but with mass in the TeV region. First, we constrain model parameters using in addition to the 750 GeV diphoton signal strength, precision electroweak tests, single top production measurements, as well as Higgs signal strength data collected in the earlier runs of the LHC. In addition we discuss interesting phenomenolgy that could arise in this model, relevant for future runs of the LHC.
I. INTRODUCTION
Recently both ATLAS [1, 2] and CMS [3] [4] [5] reported small excesses in their search for diphoton resonances. If indeed a resonance exists with a mass of ∼ 750 GeV, then it certainly must belong to Beyond the Standard Model (BSM) Physics. There have been several papers investigating a plethora of possible BSM scenarios .
Interestingly, the diphoton excess is accompanied by an absence of evidence for any excesses in other channels (hh, W W , ZZ, tt, etc.). This, along with the fact that its mass is much heavier than any of the SM particles, suggests that the 750 GeV resonance must not couple strongly to the Standard Model (SM) sector. Further, data suggests that the width of the new resonance to be not too large. These characteristics imply that the 750 GeV resonance is most likely the lightest BSM particle and that there must be additional heavier charged BSM particles that contribute to loop induced decays of the 750 GeV resonance.
Motivated by the simple observations made above, about the nature of the resonance, we carry out investigations on the effective Minimal Dilaton Model [213, 214] . The model consists of vector-like fermionic top partner(s) with mass M i that characterize the mass gap of dynamical symmetry breaking of an approximate scale invariance. The quantum numbers of the top partner(s) are chosen to be identical to that of a right handed top quark. This choice is motivated by topcolor [215] and top seesaw models [216] that predict a naturally large top quark mass. The dilaton field S couples directly only to the Higgs boson and top partner(s). Coupling of the dilaton to photons and gluons proceeds only through loops of the top partner(s). Thus the model can predict the production of a dilaton S of mass m s ∼ 750 GeV and its subsequent decay to a pair of photons. In this paper we investigate the consistency of the above statement with data. A similar study was carried out in Ref. [136] . Here we extend their analysis to the case where we have non-trivial mixing between the top and its partner(s).
The paper is organized as follows. In the next section, we introduce the model and its parameters. We then discuss various constraints on the model imposed by precision electroweak tests, the observed Higgs signal strengths, and the single top production rate measurement. Following which we study constraints on the parameter space that arises in order to explain the 750 GeV excess. We further discuss phenomenological implications of the model for future LHC runs before concluding.
II. LAGRANGIAN AND MODEL PARAMATERS
The dilaton is a pseudo-Nambu-Goldstone boson associated with conformal symmetry breaking and couples to the trace of the energy momentum tensor of the SM [217, 218] . It is useful to write down an effective low energy lagrangian using an effective linearized dilaton field S, which is a gauge singlet, as follows [213] :
Here, L SM is the SM Lagrangian modulo the Higgs potential, f = S is the vacuum expectation value of the dilaton and T i correspond to the N T number of fermionic top partners. Note that the assumption here is that only the Higgs and the top partner(s) T are assumed to couple to BSM dynamics, while the remaining SM particles are considered to be spectators to the BSM sector. As a result, the dilaton S couples only to T i and H fields 1 and does not couple directly to W 's, Z's and other fermions of the SM, albeit through possible mixing between the Higgs and dilaton. This mixing has been parametrized as follows:
here, v ∼ 246 GeV is the Higgs vacuum expectation value, and h and s denote the physical Higgs (m h 125 GeV) and physical dilaton (m s 750 GeV) fields, respectively. Mixing between h and s is parametrized by the angle θ s . In addition to mixing between H and S, there is also possible mixing between the top and its partner(s). 2 The analogous physical fields are denoted by t and t . The strength of this mixing is determined by an off-diagonal term in the (t, T i ) mass matrix and is proportional to the coupling y i . For simplicity, we assume the mixing between the N T top partners T i and the top quark to be of equal magnitude and neglect mixing among top partners themselves. In addition, we consider the top partners to be nearly degenerate.
3 Then, the general (N T + 1) × (N T + 1) mass matrix can be written as follows.
The assumption made on the form of the mass matrix here is reasonable since it does not strongly affect the phenomenology of dilaton production and decay, which is the main focus of our work here. Note that the top partner masses are nearly degenerate for this mass matrix. As shown in Appendix C, all but one of the top partners are degenerate and have a mass m t i = M , while one of the top partners has a mass m t 1 ≈ M + N T m . However, a more complicated mass matrix could yield more complex relations between the masses of the top and its partners, which is beyond the scope of this work. The renormalizable, linear scalar potential of the model has been given in Ref. [213] , and we reproduce it below:
Note that the scalar potential has a Z 2 symmetry (S → −S). This symmetry also holds for the physical fields when sin θ S = 0, i.e. s → −s. However, coupling of the dilaton to T i breaks this invariance. From the discussion above, we see that in addition to SM parameters, the model introduces seven additional parameters; namely M , f , y , λ S , κ, m S and N T . It is more useful to recast the parameters in terms of physical masses and mixing angles. For easy reference we list them below:
• m s : mass of the dilaton field, which we set to be = 750 GeV.
• m h : mass of the physical Higgs field, which we set to be = 125 GeV.
• m t : mass of the top quark, which is set to 173 GeV in this study.
• m t : mass of the top partner(s). Direct experimental limits set the value of m t 780 GeV [220, 221] . Here, we set m t i = 1 TeV. Note that changing m t i does not have a significant effect on Higgs (h) and dilaton (s) production cross sections and branching ratios.
• sin θ L : sine of the mixing angle θ L , which parametrizes the mixing between t and t , defined for N T = 1 as follows:
When N T > 1, given the form of the mass matrix in Eq. (3) and assuming m M , it is possible to characterize mixing between the top quark and its partner(s) by a single mixing angle (sin θ L ) and by a N T × N T matrix, cf. Appendix C.
• η = v f N T : ratio of the two vacuum expectation values, multiplied by N T .
• N T : total number of additional vector like fermions, i.e. top partners T i .
We make further simplifications by only considering the limit m 2 θ L . Note that the second condition ensures small mixing between the top and its partner(s). 5 In this limit, we can write down the relation between the Lagrangian parameters and the physical parameters as follows:
Finally, in the large m t and small mixing limit, the terms (m 2 t tan 2 θ L /m 2 t ) → 0 and one can simplify the coupling of the h and s fields as follows [213, 214] 
Here, V = {W ± , Z} corresponds to massive Gauge bosons, and f f to all fermions except the t and t . Similarly for the dilaton field:
Note that the case of both sin θ L = 0 and sin θ S = 0 corresponds to the scenario when neither is there mixing between h and s, nor between t and t . In this scenario h has properties identical to the SM Higgs boson. In the following section, we will present constraints on the model. Note that for N T > 1, the couplings C htt , C ht t , C st t and C st t have additional powers of sin θ L and cos θ L , cf. Appendix C.
III. MODEL CONSTRAINTS
In this section, we determine constraints on the model from precision electroweak tests, Higgs signal strengths, single top production rate measurement and the 750 GeV resonance production rates. 
A. Constraints from Electroweak Precision Tests (S, T , U parameters)
The S, T and U parameters [222] of the model have been evaluated in Ref. [213] . There are two contributions that need to be considered here, namely the contribution from mixing between the top and its partner(s), as well as from the scalar dilaton. This test strongly constrains mixing between the top and its partner(s). In Fig. 1 , we show 95% Confidence Level (CL) upper bounds on the value of sin θ L with varying m t , when N T = 1. In order to evaluate these bounds, we define a chi-squared function, χ 
Here, ρ ST is the correlation between S and T , and the values of S and T are determined by setting U = 0. We also set sin θ S = 0; we will see below that the choice sin θ S = 0 is best suited to explain the 750 GeV diphoton resonance rate in this model. When m t = 1 TeV, we see that mixing between the top and its partner(s) is constrained, by the Electroweak precision tests, to the region where sin θ L < 0.3. We also observe that increasing m t reduces the allowed magnitude of mixing between the top and its partner(s). It is instructive to look at constraints on mixing between the top and its partners for the more general case when N T > 1. To this end, we calculate the N T dependence of the T parameter and verify our results using package X [223] . In general, each top partner can mix by different amounts. However, for simplicity, we only consider the special case of Eq. (3). As shown in Appendix C, this amounts to nearly degenerate top partners, cf. Eq. (C14), when the mixing between top quark and top partners is not too large. In Fig. 2 , we show the 95% CL upper bounds on the value of sin θ L with varying N T for m t = 1 TeV and sin θ S = 0. We observe that the Electroweak precision tests constrain sin θ L more strongly as N T increases.
B. Constraints from Higgs signal strengths
Higgs signal strengths have been measured using data from the 7 and 8 TeV runs of LHC. These signal strengths define properties of the observed 125 GeV Higgs boson. Examining these signal strengths provides insights into the amount of mixing allowed between the Higgs boson and the 750 GeV dilaton. Therefore, in this section, we perform fits to MDM paramters using Higgs data.
The signal strengths reported by ATLAS and CMS are defined aŝ
where n i exp is the number of events observed in the channel i and n i SM is the expected number of events as predicted In fact, we will see in the next section that the choice sin θ S = 0, is best suited to explain the diphoton resonance rates. Keeping this in mind, we fix sin θ S = 0 and perform fits to the Higgs signal strength data by allowing Constraints on sin θ L appear to be fairly weak, with all values of sin θ L being allowed within 3σ. This behavior can be understood from the following argument. The sin θ L dependence of the χ 2 function arises through three sources: decay of Higgs to a pair of gluons (as well as gluon fusion production), decay of Higgs to a pair of photons, and tth production. For the first two sources, the sin θ L dependence is weak, since effectively the amplitudes for these decays are cos
Here A f are loop functions defined in the Appendix A. Since both m t and m t are larger than m h , A t ∼ A t and the sin θ L dependence nearly vanishes from h → gg and h → γγ processes. This leaves only tth production with a sin θ L dependence. Since tth production has been measured with large errors, therefore the constraint on sin θ L from the current measurement is relatively weak. As discussed earlier, a stronger constraint on sin θ L has been imposed by the Electroweak precision tests, cf. Figs. 1 and 2. 
C. Constraints from Single Top Production
Top quarks are copiously produced at the LHC. An important observable that would be modified by this model is the single top cross section. The current constraints from ATLAS and CMS already put a strong constraint on the product of the mixing between the top quark and top partner(s) and |V tb |. The current most precise measurements from ATLAS and CMS yield |V tb | > 0.88 and |V tb | > 0.92, respectively, at the 95% confidence level (CL) [225, 226] . The single top production cross section in this new model is proportional to the product (|V tb | cos θ L )
2 . In Fig. 6 , we show 95% CL allowed regions in the (|V tb | − sin θ L ) plane, when N T = 1. We observe that the constraints on sin(θ L ) are comparable to those from the T parameter constraints, as seen in Figs. 1 and 2. In Fig. 7 we show constraints from single top production in the (N T − sin θ L ) plane, after setting |V tb | = 1. It is evident that allowed regions of sin θ L reduce as N T increase. Currently, constraints from the T parameter are only slightly stronger than that from the single top production. However, with the high luminosity runs of the HL-LHC (3ab −1 ), it is expected that there will be 15 million single top events. The estimated uncertainty on single top production should be reduced to 3.8% by the end of the LHC run [227] . This would imply a reduction on the uncertainty of approximately a factor of 2 ∼ 3 in (|V tb | cos θ L )
2 . If we choose |V tb | = 1, then the limits would be sin θ L 0.2 (which is stronger than the Electroweak precision test constraints) at the end of the running of HL-LHC, ignoring changes in theortical and systematic uncertainties. Moreover, constraints from the single top measurement is independent of the top partner mass.
D. Dilaton production and Decay
Production of the dilaton of mass m s = 750 GeV proceeds through a loop induced process of gluon fusion. All other production modes are expected to be sub-dominant, especially in the small mixing (sin θ S ∼ 0) scenario. We estimate the cross section for production and decay of the dilaton using the Narrow Width Approximation (NWA). Since we set sin θ S = 0, the dilaton decays primarily through loop induced processes, and therefore we find that the ratio of its decay width to mass is Γ s /m s ∼ 10 −4 . 6 The NWA is thus a good approximation for production of the dilaton.
The production cross section in the NWA can be written down as follows.
where N is a ratio of spin and color counting factors
where N and C count the number of spin-and color-states, respectively, for initial state gluons and the resonant dilaton, with N s = 1, N g = 2, C g = 8 and C s = 1. In order to compute the total cross section at 13 TeV LHC, we multiply the above mentioned partonic cross section with the gluon luminosity L gg . We evaluate L gg using the CT14LO parton distribution function [228] and the LHAPDF package [229] . We also evaluate the NNLO K-factor using the SuSHi program [230] in the infinite quark mass limit with the CT14NNLO PDF central set [228] . We set the renormalization and factorization scales to be µ R = µ F = 750 GeV. We find the K-factors to be K 13T eV N N LO/LO ∼ 2.6 and K 8T eV N N LO/LO ∼ 2.7, respectively, at the 13 TeV and 8 TeV LHC, which will be included in the following analysis of dilaton production rates. An interesting feature of this model is that when all mixings are set to zero (i.e. sin θ L = 0 and sin θ S = 0), all decays are loop induced. The branching ratios are fixed by the SU (3) c and U (1) Y charges of the the top partners. The decay width on the other hand is proportional to N 2 T /f 2 . From the equation above we see that in order to increase the cross section one could either increase the decay width by increasing N T or decreasing f . 6 The decay width of the of the dilaton is proportional to N 2 T /f 2 .
However, we will see later that small values of f will lead to large Yukawa couplings of the top partners and therefore to issues of perturbativity. The expressions for the decay width of the dilaton are given in Appendix B. In Fig. 8 , we show the variation of σ(pp → s → γγ) with the Higgs-dilaton mixing angle sin θ S for three different values of v f = {1, 0.5, 0.1} and sin θ L = 0. When v f = 1, we find, in the limit of sin θ S → 0, the NNLO cross section σ(pp → s → γγ) → 1.1 fb. As mixing between h and s becomes non-zero (sin θ S = 0), there is a dramatic fall in the σ, as can be seen in Fig. 8 . This behavior is due to the large negative interference arising from the W -boson loop contribution to the diphoton decays of the dilaton. Furthermore, with non-zero values of sin θ S , tree level decays of s → V V where V = {W ± , Z} are allowed and become the dominant decay modes, further reducing the s → γγ branching ratio, cf. Fig. 13 in Appendix B 7.
In the rest of this paper we therefore restrict ourselves to the scenario where sin θ S = 0. We are therefore left with three parameters in the model: sin θ L , f and N T . When we set sin θ S = sin θ L = 0, the dilaton s can decay only through four different loop processes s → γγ, s → Zγ, s → ZZ and s → gg. When sin θ L = 0, then the tree level s → tt decay channel also becomes available, though suppressed by powers of sin 4 θ L in the small mixing angle limit. Consequently, the total decay width of the dilaton is expected to be very small. Branching ratios to these various channels are shown in Appendix B 7.
In Fig. 9 , the variation of σ(pp → s → γγ) with the t − t mixing angle sin θ L is shown. We see that there is only a weak dependence on the mixing angle sin θ L . This behavior, as explained earlier, is due to the fact that for the choice of sin θ S = 0, the sin θ L dependence of the cross section almost vanishes. As expected, one can see that the cross section simply depends quadratically on η = N T v/f .
In order to constrain the model, we use the following values of cross sections
• σ(pp → s → γγ) = 6.26 ± 3.23 fb [1, 3, 15] .
• σ(pp → s → Zγ) < 8.2 fb [231] .
• σ(pp → s → gg) < 2200 fb [232] .
• σ(pp → s → ZZ) < 19 fb [233] .
• σ(pp → s → tt) < 700 fb [234] .
In Fig. 10 , we set N T = 1 and show, in the (sin θ L − v f ) plane, constraints from one sigma exclusion limits from σ(pp → s → γγ) and σ(pp → s → Zγ) and perturbativity requirement (λ S ≤ 4π). Similarly, in Fig. 11 , we show the same exclusions for the case when N T = 2. We do not show constraints from s → gg, s → ZZ and s → tt decay modes in these figures since they are very weak. The allowed region, that explain the diphoton excess to within one standard deviation, corresponds to the unshaded white regions in the figure. In Fig. 10 , where N T = 1, we see that large values of v f are necessary in order to explain the diphoton excess. However, such large values of v/f (around 2) are mostly ruled out by the requirement of perturbativity (λ S ≤ 4π) and only a small region of parameter space remains to explain the signal. On the other hand, in Fig. 11 , where N T = 2, we see that smaller values of v f (hence larger values of f ) can explain the diphoton excess, thus evading bounds from perturbativity (λ S ≤ 4π).
In Fig. 12 , we show the same set of constraints in the ( v f − N T ) plane while setting sin θ L = 0. We see that the model is able to explain the diphoton excess and avoid other constraints when N T ≥ 1. Further, as N T increases, the value of f required to explain the diphoton excess increases (denoted by the unshaded white region in the figure) .
As discussed in Appendix D, although the MDM, in its current form, can explain the diphoton excess, additional new dynamics is required in the TeV region to stabilize the vacuum. It is not necessary that the new dynamics will contribute to the diphoton signal. It is only required that it contributes positively to the running of the coupling β λ S . We therefore do not speculate the nature of this new dynamics as there are a vast number of possibilities.
It is interesting to observe that this model has very definite predictions for s → Zγ, s → ZZ and, s → tt branching ratios.
8 If the diphoton excess is confirmed in future runs of the LHC , then a way to further test this model is to determine these branching ratios. We discuss this in further detail later in the paper.
FIG. 10:
Constraints from pp → s → (γγ, Zγ) production rates of the dilaton as well as perturbativity requirement(λS ≤ 4π). The shaded regions are excluded. Here NT = 1.
FIG. 11:
Constraints from pp → s → (γγ, Zγ) production rates of the dilaton as well as perturbativity requirement(λS ≤ 4π). The shaded regions are excluded. Here NT = 2.
FIG. 12:
Constraints from the pp → s → (γγ, Zγ) production of the dilaton as well as well as perturbativity of the of the dilaton's quartic coupling(λS ≤ 4π). Here we set sin θL = sin θS = 0.
IV. PHENOMENOLOGY OF MDM AT LHC
In this section we discuss the phenomenology relevant for future LHC runs in the context of the Minimal dilaton model with its constraints as derived in earlier sections. In light of the 750 GeV excess, the constraints on MDM can be summarized as follows:
• Mixing between the 125 GeV Higgs boson and the dilaton s is effectively nil, i.e. sin θ S ∼ 0. We will consider phenomenology of the the MDM strictly in the case when sin θ S = 0.
• Precision constraints and single top measurements require the mixing between the top and its partner(s) to be small (i.e. sin θ L 1).
• We find the Minimal Dilaton Model with 0.2 ≤ v/f ≤ 1.0 and 1 < N T < 10 is a valid effective theory up to the scale of ∼ m t . Not only does it explain the diphoton signal, but also satisfies all the constraints from both experimental data and the requirement for perturbativity. For N T > 10, the beta function of the strong coupling constant becomes positive such that the QCD interaction is no longer asymptotically free. Hence, we do not consider this case.
• The top partner mass is constrained by requiring the perturbativity of the Yukawa coupling y T ∼ M/f < 4π/ √ N c GeV, where N c = 3 counts the number of color states of the top partner(s). Since the dilaton is entirely responsible for generating the mass of the top partner(s), m t is bounded from above: m t < (1800f /v) GeV, in the small mixing angle approximation. We therefore expect to find top partner(s) with masses in the range of 2 − 9 TeV given the bounds from the previous point.
Given the approximate constraints summarized above, we proceed to discuss the phenomenology of the model.
A. Determination of dilaton branching ratios
If the diphoton resonance is confirmed at the future runs of the LHC, the next step is to determine the ratio of branching ratios of the dilaton into various decay channels. Since we consider the limit sin θ S = 0 and sin θ L 1, the possible decay channels of the dilaton are
2 ∼ 14. This decay channel can be investigated through dijet decays.
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• s → Zγ: In the limit sin θ S = sin θ L = 0, Γ(s → Zγ)/Γ(s → γγ) ∼ 2 tan 2 θ w ∼ 0.6.
• s → ZZ:
• s → tt: This process is proportional to sin 4 θ L and is therefore quite small. For sin θ L = 0.3, Γ(s → tt)/Γ(s → γγ) ∼ 0.06.
This decay channel has a non-zero partial decay width only when sin θ L = 0. Further, since it is proportional to sin 4 θ L , it is expected to be highly suppressed, as compared to the other decay modes, cf. Appendix B.
• s → hh: Similar to the W W channel, this decay mode has a non-zero partial width only when sin θ L = 0 and is expected to be very small.
The decay width of the dilaton, as mentioned earlier is expected to be small. In fact, when sin θ S = 0, the ratio of decay width to mass of the dilaton (Γ s /m s ) is of order 10 −4 . In this model, this ratio, can be large (∼ 0.3) when sin θ S = 1. However, sin θ S = 0 is unfavorable for explaining the diphoton excess. The decay width also increases as N 2 T when sin θ S = 0, however, the range of variation is small. For N T = 1 we find Γ/M ∼ 6 × 10 −5 and for N T = 10 we find Γ/M ∼ 6 × 10 −3 .
B. Determination of top partner mass and branching ratios
Electroweak decay modes of top partners are possible when mixing with top quarks is present (sin θ L = 0). In such a scenario, the t has four possible decay modes: t → W t, t → Zt, t → ht and, if kinematically allowed, t → st. The first three decay widths are related through the Goldstone Equivalence Theorem [236] [237] [238] [239] [240] and one finds that Γ(t → W t) 2Γ(t → Zt) 2Γ(t → ht) [241] . For the fourth decay channel (assuming m t (m t , m s ) and sin θ L 1), we have Γ(t → st) (v/f ) 2 Γ(t → ht). Therefore, the decay channel is suppressed not only through phase space factors but also through (v/f ) 2 . Hence, in the context of MDM, one could follow the traditional strategy of searching for top partners.
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As explained earlier, one expects to find top partners with masses in the range of ∼ 2 − 9 TeV. Top partners can be searched for at hadron colliders, either through pair or single production. For 14 TeV LHC with 3000 fb −1 integrated luminosity, 5σ discovery is possible up to m t ∼ 1.5 TeV, whereas a 33 TeV machine with the same amount 9 That the dijets are indeed of gluonic origin may be investigated with the aid of tools such as jet energy profiles. See, for example, [235] . 10 See, for example, Ref. [220] and references therein.
of integrated luminosity could discover a top partner with m t ∼ 2.4 TeV [242] . For a 100 TeV machine it is possible to set limits as large as m t 6 TeV [243] . One interesting aspect pertaining to the particular form of the mass matrix used in this study is that for N T > 1, the top partner masses are not all degenerate. Furthermore, from earlier discussion we learned that in order to explain the diphoton signal, N T could be greater than one. Therefore, one might expect to find top partners of same charge, but different masses. If m , cf. Eq. (C14), is large, the mass difference between the heaviest top partner and the degenerate top partners may be large enough to open up decay channels of the form t 1 → t 2 + h/Z. This presents itself as a novel signal albeit a weaker one in comparison to decay modes discussed earlier.
C. Double Higgs and Higgs plus jet productions
The presence of top partners and mixing with top quark has consequences on both double Higgs and double dilaton production. When sin θ S = 0 and sin θ L = 0, there is no contribution from top partners or dilaton to the production of a pair of Higgs bosons at hadron colliders. When sin θ L = 0, top partners begin to contribute to both the triangle and box diagrams in double Higgs production. At the same time, the contribution from the top quark reduces due to smaller values of the top Yukawa coupling. Since top partners are more massive than the top itself, the consequence of having sin θ L = 0 is to reduce the double Higgs production cross section in the invariant mass region that is far below the mass of the t [244] . 11 Needless to say that if the mass of t is not too large and can be directly produced in high energy colliders, a resonance peak in the double Higgs boson invariant mass distribution is expected. Interestingly, when sin θ L = 0, then s → hh decays are possible, albeit small. This would give rise to a small peak in the invariant mass spectrum at m hh ∼ 750 GeV.
Similarly, the presence of the top partners will also affect the transverse momentum (p T ) distribution of the Higgs boson produced in association with a high p T jet [244] . When sin θ L = 0, top partners begin to contribute to both the triangle and box diagrams in Higgs plus jet production. In the small p T (less than m h ) region, the sin θ L dependence of the differential cross section is weak, 12 consequently, the low p T distribution of the Higgs boson will approximately resemble the SM prediction. However, in the high p T (larger than m t ) region, where the invariant ( √ŝ ) of the process is large, the differential cross section will depend on the value of sin θ L and become smaller than the SM prediction as p T increases toward m t . Hence, a precise measurement of the p T distribution, particularly in the high p T region, can probe BSM physics such as the MDM.
V. CONCLUSIONS
In this work we analyzed the Minimal Dilaton Model as a potential candidate to explain the 750 GeV diphoton excess. The linearized version of the model presents an effective lagrangian that includes the usual SM along with a singlet scalar dilaton (s) and N T number of vector-like top partners with quantum numbers identical to the right handed top quark.
We identify the possible 750 GeV resonance with the dilaton s and find that the model can explain the diphoton signal and avoid other experimental constraints. We find that values of f in the range of [0.4, 1] TeV can explain the diphoton excess in this model. Interestingly, we find that in order to explain the signal, mixing between the Higgs boson and the dilaton must be very small or zero (i.e., sin θ S ∼ 0). Mixing between the top and its partner(s) is allowed but is constrained (sin θ L ≤ 0.3) by precision electroweak test (i.e., S, T and U parameters) and by single top production measurements. We also note that the mixing angle sin θ L may be further constrained through experiments by measuring the s → Zγ, s → ZZ, and s → tt decay branching ratios, and by improved single-top measurements. The constraint on sin θ L from single-top measurement is independent of the mass of the partner. This conclusion also holds for any model which allows the top partner to mix with top quark.
We observe three key features with regards to the phenomenology of the MDM. Firstly, signatures for the top partner(s) at the LHC are archetypal of vector like quark searches. However, the model allows the presence of additional top partners (to explain the diphoton excess). Hence, so long as sin θ L = 0, one hopes to find nondegenerate top partners at the LHC. Secondly, double higgs production is affected when sin θ L = 0. Finally, Higgs plus jet production at the LHC in the high p T region is also sensitive to presence of top partner(s) in the loop. We identify h with the 125 GeV Higgs boson. The decay channels we consider are listed below.
Here, the fermions considered are:
Note that the last three decay channels are loop induced and we will consider the b, t, t fermions in the loop process as well as W gauge bosons in the loop. The decay widths of h scale according to the couplings in Eq. (10). We therefore write below the ratio of h decay widths to the h SM decay widths.
Decay of h → γγ
The partial decay width for h → γγ is [245] 
where, A j corresponds to the form factors defined below [246] :
The partial decay width for h → gg is [245] 
where, A 1/2 is given in Eq. A7. In the MDM the decay width is determined as follows:
The partial decay width for h → Zγ is [245] 
where,
and λ = 4m 2 /M 2 Z and τ = 4m 2 /m 2 h . with the functions f and g defined by
Note that in the expressions above we keep only the leading terms and have neglected diagrams that contribute to decay amplitude as cos
Appendix B: Decays of the dilaton s
We identify s with the 750 GeV excess. The decay channels we consider are listed below.
Here, f = {s, c, b, t, τ, µ} .
The relations are similar to the Higgs ratios written down in the section above, except for the s → ZZ decays where we need to consider the s → ZZ loop induced decay.
Decays to fermions
where
Decays of s → V V
Here we consider only the on-shell decay of the massive gauge bosons
The second term is the contribution from a massive t loop to the s → ZZ process. This has been calculated using the infinitely massive t approximation in a low energy theorem [247] . We keep only the leading terms and do not include top quarks to the loops as these are suppressed by powers of sin θ L .
Decays of s → γγ
Similar to the Higgs decays, the dilaton decay is given as
Decays of s → gg
Decays of s → Zγ
Similar to the Higgs decays the dilaton decay is given as
Decays of s → hh
The scalar potential is
Note that the couplings κ, λ S , λ H can be written in terms of the paramters (θ S , f, v, m h , m s ). Where m h and m s are the physical masses,
From the expressions above, we derive the shh vertex as follows
The paritla decay width of s → hh can be written as follows:
Decay Branching Ratios of the Dilaton
We present here variation of the branching ratios of the dilaton s with various parameters of the model. The mass matrix can be written down below: where m = y t v/ √ 2 and m = y v/ √ 2. Switching to mass eigenstates
we may diagonalize as
and the mass eigenvalues are
For large M ,
Conversely, parameters in the Lagrangian can be written in terms of the observables:
The mass matrix can be written down below:
where the above matrix has dimensions (N T + 1) × (N T + 1). The diagonal mass squared matrix is given by:
Assumming all the mixings are small and approximately equivalent, we can rotate the diagonal mass squared matrix back to the non-diagonal matrix given by:
The eigenvalues in the small mixing limit are given by:
The degeneracy of the new particles is broken slightly by the mixing, but only occurs for one of them. This results in a particle slightly heavier than the other new top particles.
The rotation matrix to rotate from the flavor eigenstates to the mass eigenstates is given by a product of rotations matrices, R 1 , R 2 , ..., R N T . The first one is given here as a reference, and the rest are related to it by shifting which componenents get mixed with the t.
Modified couplings for the case when N T > 1 (assuming sin(θ S ) = 0) are given below. These couplings are valid only in the small mixing limit sin θ L 1.
For the Higgs field:
For the Dilaton field:
(C17) For the Z boson:
For W-bosons:C
where i, j = {1, 2, ...., N T }.
Appendix D: Vaccuum Stability
To check the validity of the theory, the scale at which the effective theory breaks down is calculated. This is done by considering the runnning of the coupling constants. This is traditionally done using the renormalization group equation defined as:
where β (1) and β (2) are the one-and two-loop contributions to the beta function, respectively, and µ is the renormalization scale. For simplicity, only the one loop corrections are considered for this analysis. For the gauge couplings, the β functions are given by [104, 248, 249] : 
The Yukawa coupling sector has β functions given by: 
where y T = M f cos(θ L ) at the scale of the t mass. Finally, the scalar sector β functions are: 
Here, the coupling between H and S is zero since the mixing between the two is set to zero. Therefore, the running of this coupling is not included. For the determination of the vaccuum stability, the limit of small mixing will be taken, and the coupling y will be taken to be zero, for simiplicity. The scale that is used to set the parameters is the M Z scale for all the parameters, with the exception of λ S , whose values are zero until the scale reaches the new physics scale determined by m t and m s respectively.
where α(M Z ) is the fine structure constant at the scale of M Z , G F is the Fermi constant, M W the mass of the W boson, α s (M Z ) the strong coupling at the scale of M Z , and δ H and δ t are the one-loop corrections to the quartic coupling of the Higgs and the Yukawa coupling of the top, respectively. These corrections are given in Refs. [250, 251] . Finally, the starting value for λ S (M S ) is
2f 2 when it is introduced at the scale of the dilaton mass (M S ). Since relatively large values of v/f are needed to explain the diphoton signal. This implies large values of the top partner Yukawa y T , which contribute negatively to β λ S and will make the vacuum unstable. We find that λ S becomes negative rapidly after reaching the top partner mass scale and the theory breaks down. Since the MDM is an effective theory in itself this indicates the presence of further new physics in the TeV range that stabilizes the vacuum. It is possible that the additional dynamics stabilizing the vacuum does not affect the diphoton rates. Hence the MDM can explain the diphoton signal however it requires the presence of additional TeV range physics.
